Introduction
============

Huntington\'s disease (HD) is an autosomal dominant neurodegenerative disorder caused by expanded CAG repeats at exon 1 of the *huntingtin* (*Htt*) gene, and results in the aggregate formation of mutant huntingtin protein (mHtt) [@B1]. HD occurs most often in North America, Europe, and Australia, with a prevalence of roughly six cases per 100,000 [@B2]. Disease onset typically occurs between ages 30-45, and early age of onset correlates strongly with severity of the polyglutamine expansion [@B3], where more than 35 repeats is considered disease causing. In contrast, the rate of disease progression is more weakly correlated with CAG repeat number [@B4]. The major symptoms of HD patients include psychiatric disturbances such as significant changes in personality or mood; cognitive decline, which may gradually become dementia; and motor dysfunction, characterized by uncontrollable chorea movements [@B5]. Death occurs approximately 15-20 years after initial onset of symptoms. The hallmark pathological feature of HD---identified postmortem---is death/atrophy of medium-sized spiny neurons within the striatum and, to a lesser extent, loss of neurons in the cortex [@B6].

No cure presently exists for HD. In 2008, the FDA approved the drug tetrabenazine (Xenazine®) [@B7], a vesicular monoamine transporter inhibitor, to treat the involuntary physical movements observed in HD. While tetrabenazine can reduce chorea [@B8], [@B9], it does not halt disease progression, nor does it treat the psychiatric symptoms associated with HD which can be equally debilitating. In addition the Huntington\'s Disease Group [@B9], noted that the clinical efficacy of tetrabenazine is approximately 70%, indicating that a subset of HD patients do not respond to the drug. Tetrabenazine can also have serious neurological side effects, including anxiety, neuroleptic malignant syndrome, depression, and suicidal thoughts or suicidal actions [@B9]. Given that tetrabenazine elevates the risk for depression, it might be beneficial to treat HD patients with mood stabilizers to prevent or reduce this depressive component.

Accumulating evidence indicates that two prominent mood stabilizing drugs---lithium and valproic acid (VPA), both of which have a long history of safe use for the treatment of bipolar disorder---are particularly promising for treating neurological/neurodegenerative diseases via their diverse mechanisms of action [@B10]. Lithium, a monovalent cation used to treat mania, inhibits glycogen synthase kinase-3 (GSK-3) and inositol monophosphatase (IMPase) [@B11], [@B12]. The anticonvulsant VPA is a fatty acid derivative and a class I and class IIa histone deacetylase (HDAC) inhibitor [@B13], [@B14], which enables it to regulate the expression of diverse genes. Via these primary targets, lithium and VPA exert neuroprotective effects [@B10]. In various neurodegenerative paradigms lithium or VPA were shown to upregulate the expression of brain derived neurotrophic factor (BDNF) and pro-survival molecules (such as B-cell lymphoma-2 (Bcl-2), enhance the expression of protein chaperone heat shock protein 70 (HSP-70), modulate inflammatory proteins, and downregulate pro-apoptotic factors (such as Bax and p53). Lithium and VPA treatment has also reduced neuronal death from glutamate excitotoxicity, enhanced clearance of protein aggregate accumulation, normalized transcriptional dysregulation, preserved blood-brain barrier integrity, and improved memory and motor functional outcome in various neurodegenerative diseases. In sum, lithium and VPA exert multiple therapeutic effects across an array of central nervous system disorders, including promising results in preclinical models of HD. This review will explore current knowledge regarding the mechanisms underlying the pathophysiology of HD, and discuss cellular, animal, and clinical studies investigating the neuroprotective effects of lithium and VPA on HD.

Pathophysiology of HD and the Therapeutic Mechanisms of Mood Stabilizers
========================================================================

Although the genetic mutation responsible for HD was discovered in 1993, the exact mechanisms underlying its symptom pathophysiology are not entirely understood due to the complex interactions of the multiple pathways involved. Figure [1](#F1){ref-type="fig"} illustrates the major disrupted pathways discussed in this review that contribute to HD pathophysiology. HD animal models are useful for examining disease pathophysiology because they allow investigators to evaluate the efficacy of potential therapeutic agents and study the underlying molecular mechanisms of dysfunctional signaling pathways. This section summarizes the known major pathophysiological mechanisms of HD as well as relevant preclinical studies that have used lithium and VPA to ameliorate HD symptoms.

Excitotoxicity: Increased Cell Death in the Striatum and Cortex
---------------------------------------------------------------

One of the first identified pathological features of HD was the progressive neurodegeneration of GABAergic medium-sized spiny neurons in the striatum [@B6], that project to the substantia nigra and globus pallidus. In HD, striatal neuron death is significantly more extensive than neuronal atrophy within the cerebral cortex, subcortical white matter, certain hypothalamic nuclei, thalamus, and other brain areas [@B15]. Neurodegeneration of the striatum and cortex coincides with motor dysfunction and psychiatric symptoms, respectively, but the extent to which the symptoms of HD arise from the timing of neuronal death or dysfunction is unknown. Why medium-sized spiny striatal neurons are specifically targeted in HD, even though normal Htt and mHtt proteins are ubiquitously expressed throughout the brain and peripheral tissues in both humans and animals with HD, also remains unknown [@B16], [@B17].

Excitotoxicity is a mechanism of cell death caused by hyperactivation of excitatory amino acid receptors that increases cell ion permeability and leads to intracellular calcium overload [@B18]. Excitotoxicity was one of the initial hypotheses proposed to underlie specific neurodegeneration in HD, and was supported by both preclinical [@B19]-[@B21] and clinical [@B22] evidence. The development of HD excitotoxic animal models was based on the rationale that intrastriatal injection with quinolinic acid (QA), or kainic acid (both are glutamate receptor agonists), or with 3-nitropropionic acid (3-NP, an irreversible succinate dehydrogenase inhibitor) resulted in striatal neurodegeneration patterns similar to those observed in HD patients [@B23]-[@B25]. A more recent study suggested that dysregulation of the striatal GluN3A subunit of the *N*-methyl-D-aspartate (NMDA) receptors might contribute to synaptic and behavioral impairments in a transgenic mouse model of HD [@B26]. The excitotoxic features of HD suggest that lithium and VPA---both of which have neuroprotective effects against apoptosis induced by excessive glutamate---are plausible treatments for this disease.

Partly via the inhibition of NMDA receptor-mediated calcium influx, chronic lithium treatment robustly reduced glutamate excitotoxicity in cultured CNS neurons, including rat cerebellar granule cells (CGCs), cerebral cortical, and hippocampal neurons [@B27]. Later studies found that the ability of lithium to inhibit NMDA receptor-mediated calcium influx resulted from the attenuation of constitutive phosphorylation at Tyr1472 of the NR2B subunit of the NMDA receptor, which is catalyzed by the Src tyrosine kinase Fyn [@B28], [@B29]. Lithium\'s neuroprotective effects against glutamate excitotoxicity also involve the blockade of apoptotic components. In a cellular model of glutamate-induced, NMDA receptor-mediated excitotoxicity, primary CGCs pretreated for seven days with lithium (0.5 mM to 5.0 mM) decreased protein levels of the pro-apoptotic molecules p53 and Bax, inhibited the mitochondrial release of pro-apoptotic protein cytochrome *c*, and increased protein levels of the pro-survival molecule B-cell lymphoma/leukemia-2 (Bcl-2) compared to non-pretreated controls [@B30]. Other glutamate-induced apoptotic events were similarly prevented by seven days of treatment with therapeutic concentrations of lithium (0.5-2 mM) in cultured CGCs; these included activation of both c-Jun and N-terminal kinase (JNK) and p38 mitogen-activated protein (MAP) kinase, as well as increased activator protein 1 (AP-1) binding [@B31].

GSK-3 also plays a role in apoptotic cell death induced by glutamate excitotoxicity [@B32]. In rat primary cerebral cortical neurons, glutamate-induced excitotoxicity was blocked by RNA interference-induced depletion of GSK-3 isoforms, transfection with isoform-specific dominant-negative mutants of GSK-3, or treatment with other non-selective pharmacological GSK-3 inhibitors [@B33], [@B34]. These findings strongly suggest that both isoforms of GSK-3 are initial targets of lithium-induced neuroprotection.

Building on this work, another study found that the *in vitro* results were supported in a rat QA model of HD. Rats were pretreated for 16 days with lithium at therapeutically relevant levels (1.5 mEq/kg to 3.0 mEq/kg, s.c.). The group pretreated with lithium showed increased striatal cell survival and increased protein levels of Bcl-2, compared to rats treated with only QA [@B35]. A subsequent study using the same model found that only 24 hours of lithium pretreatment increased striatal Bcl-2 protein levels, decreased lesion size, and increased proliferation of striatal cells near the QA injection site [@B36]. The authors identified a small population of the proliferating cells as neurons or astrocytes, but were unable to identify the larger proliferating population.

Like QA, 3-NP striatal injection causes striatal lesions and produces excitotoxicity [@B37], but it also increases oxidative stress because it is an irreversible mitochondrial inhibitor. In a rat 3-NP model, three weeks pretreatment with therapeutic levels of lithium (blood concentration of 0.9 mEq/l) increased lifespan, reduced lesion area, and prevented activation of the calpain/cdk5/p-MEF2 pathway (which is involved in neuronal cell death) compared with untreated 3-NP controls [@B38]. Taken together, the findings provide compelling evidence that lithium acts as a neuroprotective, anti-apoptotic, and cell-proliferating agent in excitotoxic models of HD.

VPA was also found to be neuroprotective in various excitotoxic cellular and animal models. In rat primary cortical neurons, for instance, pretreatment with VPA significantly increased cell viability and induced the expression of heat shock protein 70 (HSP70), a chaperone protein that helps to regulate protein folding and refolding of partially denatured proteins [@B39], via HDAC inhibition [@B40]. Other studies found that HSP70 exerts a wide variety of neuroprotective effects against apoptosis, such as antagonizing apoptosis-inducing factors [@B41], inhibiting the activation of nuclear factor-kappaB (NF-κB) [@B42], and preventing mitochondrial cytochrome *c* release and caspase activation [@B43]. VPA and four derivatives of the VPA parent compound (with structural modifications) also increased cell survival and increased HSP70 mRNA levels through HDAC inhibition in rat CGCs treated with excessive glutamate [@B44]. Notably, VPA also robustly induced HSP70 via epigenetic mechanisms, decreased infarction volume, and improved functional recovery in rodents subjected to cerebral ischemia---another *in vivo* excitotoxic model [@B45], [@B46]. It is interesting to note that in a stroke model, the neuroprotective effects of lithium were associated with elevated expression of HSP70 protein in the ischemic brain [@B47].

Another recent QA model rat study found that three weeks co-treatment with VPA and rosiglitazone, a peroxisome proliferator-activated receptor gamma (PPARγ) agonist, improved motor dysfunction, increased neuroprotective brain-derived neurotrophic factor (BDNF) in the striatum, and decreased striatal lesion volume, as well as pro-apoptotic tumor necrosis factor-alpha (TNF-α) and caspase-3 levels, compared with control rats [@B48]. The combined neuroprotective mechanism of rosiglitazone and VPA was thought to be partly due to PPARγ activation and HDAC inhibition pathways, respectively. A different study found that pretreatment with lithium (1.0 mM) combined with VPA (0.5 mM) provided synergistic neuroprotection against glutamate-induced cell death in young rat CGCs [@B49]. Another study found that potentiation of GSK-3 inhibition and induction of fibroblast growth factor-21 (FGF-21) significantly contributed to the neuroprotective synergy of lithium and VPA combined treatment [@B50]. A similar study using human neuroblastoma cells (SH-SY5Y) exposed to high glutamate concentrations also found that the same dosage of lithium and VPA pretreatment increased cell viability and increased BDNF protein and mRNA levels [@B51]. Overall, the different excitotoxic models provide strong evidence that VPA alone and in combination with lithium promotes neuroprotection.

Dysfunction of Autophagy and Protein Quality Regulation
-------------------------------------------------------

One of the primary neuropathological findings in HD is the formation of protein aggregates (also called inclusion bodies) within brain cells [@B52], but whether these mHtt aggregates are toxic remains a controversial topic. Some investigators have suggested that cytoplasmic insoluble mHtt aggregates are a beneficial coping response [@B53], while others have suggested that intracellular aggregates may be directly toxic [@B54], and thus the function of mHtt aggregates within the cytoplasm is not definitively known. Intranuclear aggregation of soluble mHtt is, in contrast, believed to be toxic [@B55], most likely due to mHtt\'s downstream effects on gene expression. Recently mHtt was shown to disrupt the axonal transport of autophagosomes [@B56], which leads to deficits in autophagy. Several *in vivo* and *in vitro* models have demonstrated that lithium and VPA increase the clearance of intracellular protein aggregates related to various neurodegenerative disorders, including HD.

HSPs are a group of molecular chaperones that promote the degradation of abnormally folded proteins through the ubiquitin-proteasome system and autophagy [@B57]-[@B59]; they are also associated with the anti-apoptotic effects, as described above. The expression of HSP70 and its co-chaperone HSP40 were decreased [@B60], [@B61] and co-localized with mHtt aggregates [@B62] in the brains of HD animal models. In contrast, overexpression of HSPs in HD models were found to reduce the formation of mHtt aggregates and suppress the neurodegeneration and toxicity associated with this disease [@B62]-[@B64].

The two main targets of lithium---IMPase and GSK-3β---have opposite effects on autophagy. IMPase inhibition enhances autophagy [@B65], while GSK-3β inhibition actually downregulates autophagy via the downstream activation of mammalian target of rapamycin (mTOR) [@B66]. However, lithium inhibits IMPase at lower doses that induce autophagy (Ki ≈ 0.8 mM) [@B65], but inhibits GSK-3β at higher doses that suppress autophagy (Ki ≈ 2 mM) [@B67]. Pre- and post-treatment with lithium chloride (2.5-5.0 mM) protected non-neuronal (COS-7 African green monkey kidney) and neuronal (SKNSH human neuroblastoma) cells transfected with mutant *Htt* exon 1 fragment containing 74 CAG repeats, increased cell survival, and decreased aggregate formation compared with non-treated groups in both cell types [@B68]. The same group demonstrated that five days treatment with lithium (10 mM) enhanced autophagy in an mTOR-independent manner, by inhibiting IMPase; the subsequent depletion of myo-inositol-1,4,5-trisphosphate (IP~3~) levels was documented by clearance of mHtt and α-synuclein protein (which forms neuronal protein aggregates in Parkinson\'s disease) from transfected COS-7 and neuronal SKNSH cells [@B65]. In an HD *Drosophila* model, co-treatment with rapamycin and lithium---both of which are mTOR inhibitors---induced autophagy and increased neuroprotection compared to treatment with either agent alone [@B66]. While these results provide strong evidence for lithium\'s beneficial effects on autophagy in HD, they need to be replicated at therapeutically relevant doses (*in vivo* blood serum concentration levels of lithium should be between 0.4-1.0 mM [@B69]) using primary neuronal cells or, preferably, animal models.

VPA, carbamazepine, and other mood stabilizers can also decrease IP~3~ levels and induce autophagy [@B65]. VPA caused autophagy-induced cell death and cell growth inhibition in various human cancer cell lines [@B70], [@B71], and increased autophagy in Parkinson\'s disease animal models [@B72], [@B73]. Because so few studies have investigated this issue, it remains unclear whether VPA can induce autophagy of mHtt; further investigation is warranted.

Lithium and VPA have proven efficacy in other non-HD models of neurodegeneration through a variety of routes. Lithium or VPA alone both increased cell viability and enhanced autophagy in a rotenone toxic cellular model of Parkinson\'s disease [@B72], as measured by increased lysosome number and microtubule-associated protein 1 light chain 3-II (LC3-II) levels, a marker for autophagy. LC3-II levels correlate with the number of autophagosomes [@B74], organelles that capture malfunctioning cellular components and transport them to lysosomes for digestion. In a neurotoxic *N*-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson\'s disease, co-treatment with lithium plus VPA for seven days after MPTP injection improved motor function and enhanced autophagy, as measured by increased LC3-II levels [@B73]. In an Alzheimer\'s disease model, a different neurodegenerative disease, treatment with GSK-3β inhibitors VIII and XI (which are more specific than lithium) or transfection with GSK3α/β short interfering RNA (siRNA) *in vitro* reduced amyloid-beta (Aβ) protein aggregates by increasing degradation of amyloid precursor protein (APP), and reduced its carboxy-terminal fragment by activating the lysosomal/autophagy pathway [@B75]. In an Alzheimer\'s disease mouse model, treatment with L803-mts (another GSK-3β inhibitor) reduced Aβ accumulation and improved cognitive function [@B76]. Lithium alone increased the autophagy of lethal prion protein aggregates in both neuronal (mouse neuroblastoma N2a) and non-neuronal (mouse fibroblast L929) cells, and autophagy was further enhanced by rapamycin co-treatment in an additive fashion [@B77].

With regard to selective striatal death in HD, a recent, novel hypothesis suggests the involvement of Rhes, a GTP-binding protein that is highly expressed in the striatum [@B78]. Rhes interacts directly with mHtt to enhance cell toxicity via increased sumoylation, a post-translational protein modification that can alter protein function [@B79]. However, both Rhes and mHtt are expressed in the striatum years before HD symptoms occur. In the absence of mHtt, Rhes can increase autophagy in an mTOR independent manner, by binding to Beclin-1 and preventing anti-autophagic Bcl-2 from disrupting the Beclin complex [@B80]; this, in turn, may explain the delay in onset of HD symptoms. Rhes-enhanced autophagy appears to be impaired by mHtt expression, which may sequester and bind to Rhes, thus preventing autophagy. Genetic deletion of Rhes decreased striatal lesion size and improved motor function in a 3-NP model of HD [@B81], and delayed the onset of HD symptoms in a double transgenic model [@B82]. In general, Rhes does not harm neurons in the absence of mHtt, but neurotoxic effects have been observed in the presence of mHtt. Interestingly, a knockout mouse model of Rhes resulted in biochemical phenotypes similar to lithium treatment; specifically, Rhes knockout increased striatal phosphorylation of Akt and GSK-3β, thus increasing Akt activity and GSK-3β inhibition [@B83]. While these results are significant, additional *in vivo* studies and clinical evidence for Rhes disruption in HD patients are needed to further support the role of Rhes in HD neuropathology.

As the evidence reviewed above underscores, lithium and VPA are excellent tools for studying protein quality control in neurodegenerative diseases such as HD. Further investigation using therapeutic levels of lithium and VPA in *in vivo* models, may uncover valuable molecular targets for diseases, like HD, characterized by autophagy deficiency.

Abnormal levels of Neurotrophic and Growth Factors
--------------------------------------------------

Neurotrophic factors and growth factors are vital for the growth and survival of neurons and glial cells in the developing and mature nervous system. Neurotrophic and growth factors pathologically altered in HD include BDNF, glial cell line-derived neurotrophic factor (GDNF), nerve growth factor (NGF), and transforming growth factor-beta 1 (TGF-β1). Here, we focus on BDNF and TGF-β1expression in HD, because of relevant support from lithium and VPA studies.

BDNF is critical for the growth and survival of maturing neurons, and is implicated in neurogenesis as well as neuronal differentiation and migration. BDNF is highly expressed in the cortex and hippocampus [@B84], areas of the brain necessary for cognition, emotion, and memory. Striatal BDNF is produced by cortical neurons and supplied by anterograde transport into this brain region [@B85]. Thus functional BDNF transport is critical for development and support of the striatum. In addition, abnormalities in BDNF expression, signaling, or transport are strongly implicated in many neuropsychiatric disorders, including major depressive disorder, schizophrenia, and bipolar disorder [@B86]. *In vitro* evidence suggests that wild-type Htt promotes BDNF vesicular transport, whereas mHtt severely impairs BDNF transport, thus indicating that reduced BDNF transport contributes to the pathophysiology of HD as demonstrated by reduced cellular neurotrophic support and subsequent increases in neurotoxicity [@B87]. Decreased cortical BDNF mRNA transcript and protein levels were observed in the postmortem brain of HD patients compared with sex- and age-matched controls [@B88], [@B89]. One theory suggests that decreased levels of BDNF may make striatal neurons more vulnerable to cell death [@B90]. In preclinical studies, decreased cortical BDNF exon II, III, and IV mRNA levels were correlated with HD progression in R6/2 transgenic mice [@B91]; the authors suggested that increased BDNF levels may slow disease development. Relatedly, overexpression of BDNF in the forebrain of R6/1 [@B92] and YAC128 [@B93] mouse models of HD improved motor dysfunction and increased brain weight compared to HD mice without BDNF overexpression. These preclinical studies suggest that increased BDNF expression in the brain is neuroprotective against HD, and therefore drugs that increase endogenous levels of BDNF may be necessary to combat HD.

Because BDNF has limited permeability to cross the blood-brain barrier (BBB), pharmacological agents that can easily traverse the BBB and increase endogenous downstream effectors of BDNF are necessary to treat diseases with BDNF deficits, such as HD. Under normal physiological conditions, BDNF binds to post-synaptic tropomyosin-related kinase B (TrkB) receptors and induces signaling cascades such as the phosphatidylinositol 3-kinase (PI3K) pathway, which activates Akt, and/or extracellular signal related kinase (ERK) pathway, thus activating several downstream effectors, such as cAMP response element binding protein (CREB) (for a review of BDNF/TrkB signaling, see [@B94]). BBB permeable TrkB agonists [@B95] should increase BDNF downstream effectors within the brain and also provide increased neuroprotection. Treatment of BACHD and R6/2 mouse models of HD, with both intranasal and intraperitoneal administrations of LM22A-4, a small-molecule TrkB agonist, improved motor function in the pole test (but not the rotarod), increased expression of downstream BDNF effectors (Akt, CREB and PLCγ), increased dendritic spine number of medium-sized spiny neurons, and decreased diffuse nuclear mHtt aggregates compared with untreated BACHD or R6/2 mice, respectively [@B96]. It should be noted, however, that although LM22A-4 successfully reduced neuron and motor impairments, it did not increase the lifespan of R6/2 mice, suggesting that other mechanisms besides TrkB signaling are involved. A preliminary study from our laboratory used similar LM22A-4 administrations in N171-82Q HD mice and found long-term behavioral improvements including normalization of hypolocomotor activity, alleviation of depression-like effects, and amelioration of motor deficits (*Chiu et al.*, Society for Neuroscience abstract \#528.04, 2013).

Another method to increase endogenous BDNF expression was demonstrated in rat primary cortical neurons primed for two days with therapeutic levels of either lithium (1.0 mM) or VPA (0.5 mM) [@B97]. Both drug treatments increased BDNF exon IV mRNA transcript levels and BDNF protein levels *in vitro* compared with untreated control neurons [@B97]. We extended these findings *in vivo* using chronic dietary treatment to reach therapeutic levels of lithium (1.0 mM) and VPA (0.5 mM) in N171-82Q mice and YAC128 mice, two transgenic mouse models of HD (see Table [1](#T1){ref-type="table"} for summary of HD mouse models and [@B98] for review), that differ in their genetic background, behavioral phenotype, symptom progression, and life span [@B99]. Co-treatment with lithium and VPA more robustly upregulated mRNA and protein levels of BDNF as well as other neuroprotective proteins such as HSP70 in the striatum and cortex than treatment with either mood stabilizer alone. Notably, the mean survival time of N171-82Q mice was prolonged by ten weeks with lithium and VPA co-treatment. Behaviorally, co-treatment with lithium and VPA also more effectively alleviated spontaneous locomotor deficits in the open-field test and depression-like effects in the forced swim and tail suspension tests in both HD mouse models, compared with mono-treatment. In addition, drug co-treatment successfully improved motor skill learning and coordination in the rotarod performance test, and elicited anxiolytic-like effects in YAC128 mice. Interestingly, lithium and VPA\'s behavioral benefits were associated with GSK-3 and HDAC inhibition, respectively. In a related study, long-term treatment of YAC128 mice with NP03 (a low-dose lithium microemulsion) improved motor function, ameliorated deficits in striatal volume, increased neuronal counts, and enhanced BDNF levels without causing lithium toxicity [@B100], whereas chronic VPA mono-treatment (100 mg/kg daily) in N171-82Q mice prolonged survival by one month and ameliorated diminished locomotor activity; BDNF levels were not measured [@B101]. To further understand the synergistic or additive relationship between lithium and VPA, Gupta and colleagues used computer modeling to generate interaction networks based on well-established molecular targets for each drug. They observed enrichment of apoptosis clusters and neurotrophin signaling, and uncovered two key affected molecules that mediate multiple pathways, namely MAPK1/3 and Akt1/2 [@B102].

TGF-β1, a member of the cytokine family, is involved in cell proliferation and differentiation. Although the physiological role of this growth factor in normal behavior and cognition is still largely unknown, recent interest in the possible role of TGF-β1 in HD has grown [@B103]. TGF-β1 protein levels were decreased in serum samples from asymptomatic HD patients compared to healthy controls and symptomatic patients, a finding confirmed by immunohistochemical analysis of postmortem cortical samples from the three patient groups [@B104]. The decreased TGF-β1 levels in presymptomatic HD patients led researcher to suggest that serum TGF-β1 levels may serve as a potential HD biomarker during the asymptomatic phase. The same study also found that presymptomatic R6/2 mice exhibited decreased TGF-β1 protein levels in the cortex and had decreased serum levels of TGF-β1 compared with wild-type and symptomatic R6/2 mice. Presymptomatic YAC128 mice also had decreased expression of TGF-β1 only in the cortex, however, serum levels were unchanged compared with wild-type controls. No studies have yet investigated the putative effects of lithium or VPA on TGF-β1 levels and function in HD. However, non-HD studies have shown that TGF-β1 is closely involved in fibrosis (tissue scarring) and lithium exposure was able to reduce harmful scarring by inhibiting TGF-β1 expression in human subconjunctival fibroblasts [@B105]. Lithium is also known to inhibit the transactivation of Smad3/4, the intracellular transducer of TGF-β1, via protein kinase A and Akt signaling pathways in rat primary cortical neurons [@B106]. Similarly, VPA treatment in human hepatic stellate cells blocked the TGF-β1autocrine loop [@B107], indicative of antifibrogenic effects. In both cellular and animal models of HD, lithium alone or in combination with VPA neuroprotectively enhanced BDNF expression and activity, whereas in non-HD models, lithium and VPA have been shown to regulate TGF-β1 expression. Future research should focus on how lithium and VPA regulate the BDNF and TGF-β1 pathways in HD.

Transcriptional Dysregulation
-----------------------------

Growing evidence suggests that transcriptional dysregulation is a major pathogenic mechanism in HD [@B108]. Indeed, transcription factor dysregulation of gene expression is a central facet of the slow, progressive nature of HD pathology. Transcription factors implicated in HD pathophysiology include repressor element-1 silencing transcription factor (REST), CREB, NF-κB, and peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α).

REST, which has a response element within the BDNF promoter II [@B109], and can regulate BDNF expression is one of the most studied transcription factors in HD. REST co-localizes with wild-type Htt in both neurons and glia from the cortex, striatum, hippocampus, and cerebellum in HD patients and controls [@B110]. Under normal conditions, wild-type Htt protein associates with REST in the cytoplasm and prevents REST from repressing transcription in the nucleus, thereby allowing BDNF expression [@B109]. In the pathological state, mHtt dissociates from REST in the cytoplasm, thereby facilitating the translocation of REST to the nucleus where it represses gene transcription, resulting in decreased BDNF expression [@B109]. Zuccato and colleagues reported that increased REST binding at its DNA binding sites mediated decreased expression of REST target genes, which are involved in neuronal development and differentiation. This phenomenon was observed in both HD patients and in the R6/2 HD mouse model [@B111], suggesting that targeted downregulation of REST may have therapeutic potential for HD. Non-HD models have provided conflicting results regarding the effects of lithium and VPA on REST function. In a rat fetal alcohol syndrome model, lithium provided neuroprotection by downregulating REST protein levels and decreased its DNA-binding activity [@B112] compared to only ethanol exposure. Lithium also increased neuronal differentiation and survival in primary rat neural stem cells in the presence of ethanol, compared with untreated controls [@B112]. In a mouse model of Niemann-Pick Type C disease, a lysosomal storage disease, VPA downregulated REST levels and increased target gene levels such as TrkB and BDNF compared with untreated controls [@B113]. However in medulloblastoma cells, VPA upregulated REST transcription as demonstrated by increased histone acetylation level in the REST promoter [@B114].

CREB binds to specific DNA sequences called cAMP response elements (CRE), and either increases or decreases expression of downstream genes. CREB supports cell survival by enhancing expression of cell-protective proteins, such as BDNF and Bcl-2 [@B115]. Different signaling pathways, including PI3K/Akt and MEK/ERK, can activate CREB through serine phosphorylation [@B116]. Once activated, CREB recruits its coactivators---CREB-binding protein (CBP) or transducer of regulated CREB activity (TORC)---to directly interact with the transcriptional machinery. CREB dysregulation has been strongly implicated in the pathophysiology of HD. For instance, CREB-regulated genes were downregulated in the brains of HD patients [@B117], and CREB knockout mice displayed an HD-like phenotype with neurodegeneration in the hippocampus and striatum [@B118]. In a study focusing on CREB function in HD, YAC128 mice were crossed with dominant-negative CREB mice. The transgenic progeny had accelerated motor impairment compared with YAC128 and wild-type mice [@B119]. The same study also investigated CREB loss of function in transgenic mice treated with 3-NP, and found that lesion area was greater in the 3-NP group with disruption of CREB relative to wild-type mice. In non-HD models, lithium treatment enhanced CREB activity in hamster insulinoma tumor cells [@B120] through direct activation of TORC [@B121]. In CGCs, chronic lithium treatment suppressed the glutamate-induced decrease in phosphorylated CREB and markedly increased CREB-driven gene expression [@B122].

NF-κB is responsible for the production of cytokines, and is involved in the regulation of immunity, synaptic plasticity, and cell survival [@B123]. One study found that enhanced NF-κB activation increased astrocyte inflammation and increased HD pathophysiology [@B124], suggesting that anti-inflammatory treatments may be beneficial for HD. To date, no studies have investigated the effects of lithium or VPA on NF-κB in HD models. In healthy rats, however, chronic VPA administration downregulated NF-κB DNA binding activity [@B125], suggesting that VPA has anti-inflammatory properties. In human thyroid carcinoma cells, therapeutic levels of VPA decreased the expression of NF-κB regulatory genes and proteins [@B126]. Another study found that VPA robustly inhibited microglial activation and suppressed NF-κB activation in rats with experimental ischemic cerebral stroke [@B46], [@B127]. In general, lithium or GSK-3 inhibitors attenuate NF-κB activation in a variety of cell types. Lithium exposure or GSK-3β siRNA-mediated knockdown inhibited NF-κB activation and induced apoptosis in osteosarcoma cells [@B128]. Fibroblasts from GSK-3β deficient mouse embryos exhibited decreased NF-κB activation, and lithium treatment of wild-type embryos inhibited transactivation of NF-κB [@B129]. However, a different study found that knockdown of GSK-3α or β markedly increased NF-κB transactivation in healthy primary cerebral cortical neurons [@B33]. Also, in human colon cancer cells (HT-29 and Caco-2), lithium enhanced NF-κB activity [@B130].

In addition to psychiatric, cognitive and motor symptoms, HD patients progressively lose weight despite increased caloric consumption, indicating metabolic dysfunction [@B131]. Metabolic abnormalities in HD are further suggested by decreased activity of the oxidative phosphorylation pathway in the striatal neurons of late-stage HD patients [@B132], and reduced ATP production as a function of increased CAG repeats in lymphoblastoid cell lines transfected with mHtt [@B133]. Interestingly, PGC-1α is a key regulator of mitochondrial biogenesis and oxidative stress [@B134], [@B135], and decreased PGC-1α levels have been found in both HD mouse models and HD patients [@B136], [@B137]. In the N171-82Q mouse model, overexpression of PGC-1α decreased motor symptoms of HD and significantly decreased mHtt protein aggregation by reducing oxidative stress and by activating transcription factor EB (TFEB), an important regulator of the autophagy-lysosome pathway [@B138]. In a non-HD model, lithium exposure enhanced PGC-1α expression and increased mitochondrial biogenesis in primary bovine aortic endothelial cells [@B139].

Aberrant Epigenetic Modifications
---------------------------------

Aberrant epigenetic patterns have recently been observed in humans with HD and in transgenic HD mice, though the mechanisms underlying these epigenetic modifications are not well understood, and some of the observed epiphenomena may actually be unrelated to HD. Furthermore, while transcriptional and epigenetic dysregulation are important early events in the pathophysiology of HD, the degree to which altered epigenetics plays a causative role in HD pathology remains unclear [@B140].

Briefly, the vast amount of DNA is organized by wrapping around histone proteins. Chromatin conformation is further regulated by enzymes known as histone acetyltransferases (HATs), which add charge-neutralizing acetyl groups to the lysine tails of histone proteins, conferring a more transcriptionally active chromatin conformation that generally increases gene expression. In contrast, HDACs are enzymes that remove acetyl groups from histone tails, confer a more transcriptionally inactive form of chromatin, and usually cause decreased gene expression. VPA is a class I and IIa, but not a IIb or class III HDAC inhibitor. It blocks the deacetylation activity of certain HDACs, and overall allows for a more transcriptionally active chromatin shape of target genes [@B13]. In the study discussed previously, co-treatment with lithium and VPA enhanced histone 3 (H3) acetylation in the striatum and cortex of both YAC128 and N171-82Q transgenic mice, thereby ameliorating the observed hypoacetylation of untreated mice [@B99]. In preclinical transgenic mouse (R6/2) and mHtt transfected primary neuron models of HD, levels of CBP (an HAT) in the brain are decreased, suggesting that upregulating CBP may ameliorate transcriptional dysregulation [@B141], [@B142]. In an amyotrophic lateral sclerosis (ALS) transgenic SOD1 mouse model, VPA treatment exerted neuroprotection by upregulating of CBP but did not improve the overall survival of ALS mice [@B143].

Wu and colleagues recently reported that lithium treatment in HEK239T, HeLa and SW480 cells downregulated HDAC1 protein, but did not decrease HDAC1 mRNA, suggesting that lithium acts at the translational level to regulate HDAC1 expression [@B144]. HDAC1 downregulation by lithium was also necessary for the autophagic degradation of long mHtt (Htt590-100Q). Nevertheless this study was associated with several limitations, including inconsistent, high concentrations of lithium (5-40 mM), use of only *in vitro* approaches, and use of non-neuronal cell types. Future studies should determine if downregulation of HDAC1 by lithium also occurs at therapeutically relevant levels within *in vivo* models.

While histone acetylation generally enhances gene expression, DNA methylation, the addition of methyl groups to the cytosine-phosphate-guanine sites, causes a more closed chromatin structure and usually inhibits gene expression [@B145]. In a unique cell culture study, net DNA demethylation was found in striatal cells expressing 111-CAG repeat mHtt compared with cells expressing normal 7-CAG repeat Htt [@B146]. The authors also found that increased binding of the AP-1 complex was associated with decreased DNA methylation in striatal cells expressing mHtt, suggesting that decreased AP-1 DNA binding activity may upregulate DNA methylation [@B147]. In an HD-related model of excessive glutamate excitotoxicity, one week of lithium pretreatment provided neuroprotection by downregulating AP-1 DNA binding activity and enhancing rat CGC viability [@B31]. This finding contrasts with lithium\'s upregulation of AP-1 binding activity in healthy rat CGCs [@B148], as well as in human SH-SY5Y and rat C6 glioma cells [@B149]. Figure [2](#F2){ref-type="fig"} provides a diagram of the preclinical and clinical effects of lithium and VPA treatment in HD.

Clinical Trials of Lithium and VPA in HD
========================================

Interestingly, both lithium and VPA were separately used in clinical trials of HD years before their neuroprotective characteristics were discovered [@B150]-[@B160]. In two separate non-blind case studies, lithium therapy decreased the intensity of choreiform movements [@B150], and improved motor function [@B153] in some of the patients observed. Previous uncontrolled non-blind [@B150], [@B151], [@B153], [@B154] and controlled blind [@B155], [@B157] HD case studies had noted lithium\'s strong mood stabilizing properties, such as reduced depressive symptoms, irritability, and aggression (see Table [2](#T2){ref-type="table"} for summary). More recent clinical studies also demonstrated lithium\'s mood stabilizing effects in HD patients of varying ages and duration of disease [@B161], [@B162]. One study found that lithium reduced the progression of chorea [@B161], though another study did not report any changes in chorea [@B162]. In the latter study, which focused on suicidal HD patients [@B162], 80% of the patients were also taking tetrabenazine (which increases the risk of depression or suicide [@B9]). The addition of lithium to the treatment regimen eliminated suicidal symptoms in all patients and improved depressive symptoms, demonstrating that the combination of lithium and tetrabenazine may be beneficial for some HD patients. Taken together, these clinical studies support lithium\'s potential to improve the psychiatric and possibly motor symptoms of HD. Despite these findings, two placebo-controlled, blind clinical trials reported that lithium was ineffective in the treatment of choreiform movements [@B156], [@B158]. However, in both studies, sample size was small, the duration of lithium treatment was relatively short, and standardized measures were not used to report mood changes. It is also possible that an earlier intervention with lithium would be more effective at ameliorating HD symptoms.

VPA has also been suggested as a logical choice for HD treatment [@B163]. In one case study, VPA reduced the sleep disturbances associated with HD, but had no effect on chorea symptoms [@B160]. In a more recent study, the lowest effective dose of VPA (125-500 mg) in combination with olanzapine (an atypical antipsychotic; 5-10 mg) improved both psychiatric and motor symptoms in HD patients [@B164]. Another study of HD patients with severe myoclonic hyperkinesia found increased VPA dosage (from 900 mg to 1200 mg) was correlated with improved motor scores on the Unified Huntington\'s Disease Rating Scale, as well as mood stabilization [@B165], for more than half of the patients examined. In contrast, several case studies found that VPA did not improve motor symptoms in HD patients [@B159], [@B166], [@B167]. However, these reports did not measure mood or behavior changes, had small sample sizes, and short treatment durations. A longer VPA treatment period may reveal patient improvement because HDAC inhibition and subsequent transcriptional and translational changes may take more sustained treatment to reach their full effect. Another case study reported that VPA treatment caused a state of tolerance, however this was found in only one late-stage HD patient [@B168]. While VPA is generally a safe drug [@B169], it is a known teratogen in both rodents [@B170] and humans [@B171], and it should be noted that one case study reported that a single HD patient developed Pisa syndrome, an incredibly rare but dangerous neurological side effect [@B172], after VPA treatment.

Conclusions and Future Directions
=================================

HD disrupts critical cellular mechanisms involved in transcription, translation, epigenetic, cell growth, and metabolic pathways. As highlighted in this review, both lithium and VPA have robust neuroprotective and stabilizing effects that makes them not only useful as therapeutics for treating HD but, perhaps more importantly, makes them efficacious tools for studying disease progression and response, and expanding the translational significance of the results. Furthermore, both agents are FDA-approved medications with a long history of safe use in humans.

As an initial goal, we suggest that clinical studies should explore whether therapeutically relevant levels of lithium or VPA can significantly decrease chorea and ameliorate the psychiatric symptoms of HD. Clinical studies conducted with lithium and VPA in HD patients to date have been plagued by limitations such as small sample size, different stages and burden of disease, absence of a control group, a lack of re-evaluation after drug washout, concurrent drug therapies, non-blind clinician observations, and short treatment duration. In order to determine how effectively lithium and VPA treatment can reduce HD symptoms, large-scale, controlled, double-blind trials are needed in the future. Such studies can also investigate whether lithium and VPA can improve quality of life for HD patients and their caregivers. Given that increasing evidence from HD mouse models supports the notion that combined treatment with lithium and VPA is superior to treatment with either agent alone, we strongly recommend that future clinical trials explore the combined use of these agents.
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:   activator protein 1
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:   B-cell lymphoma/leukemia-2
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:   fibroblast growth factor-21
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:   heat shock protein 70
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:   histone deacetylase
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:   Huntington\'s disease
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:   huntingtin
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:   mutant huntingtin

NF-κB
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PI3K

:   phosphatidylinositol 3-kinase
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:   repressor element-1 silencing transcription factor
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:   transforming growth factor-beta 1
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:   tropomyosin-related kinase B
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![The major pathophysiological pathways in Huntington\'s disease (HD). Mutant huntingtin (mHtt) protein disrupts many normal physiological processes and leads to unbalanced homeostasis of apoptotic molecules, deficits in autophagy, axonal transport impairment, transcriptional dysregulation, reduced cellular neurotrophic support, mitochondrial abnormalities, and glutamate excitotoxicity. mHtt disturbs the balance between pro-apoptotic (such as Bax and p53) and cell survival (such as Bcl-2 and Bcl-xl) molecules. Transcriptional regulation is disrupted in HD; as described in the text, mHtt allows REST translocation to the nucleus resulting in repression of genes including BDNF. As a result of decreased BDNF axonal transport and repression of gene transcription by REST, neurotrophic support of cells is diminished in HD. Impaired axonal transport of autophagosomes also increases autophagy deficits observed in HD. Mitochondrial abnormalities in HD include decreased ATP production and PGC-1a expression, as well as increased cytochrome *c* release which leads to cell apoptosis. Glutamate excitotoxicity, caused by hyperactivation of excitatory amino acid receptors that increase cell ion permeability and lead to intracellular calcium overload and ultimately cell death, is strongly implicated in HD. The pointed arrows indicate that mHtt increases the described physiological pathway; arrows with blocked ends indicate prevention of a physiological event.](ijbsv10p1024g001){#F1}

![The preclinical and clinical effects of lithium and valproic acid (VPA) treatment in Huntington\'s disease (HD). Preclinical and clinical studies have shown that HD pathophysiology involves the dysfunction of multiple complex physiological processes and signaling pathways. More recent preclinical investigations have demonstrated that lithium and VPA exert numerous beneficial effects including enhanced neuroprotection, motor function recovery, mHtt protein clearance, and gene expression regulation. The lithium- or VPA-mediated reduction of mitochondrial abnormality, which is closely related to decreased PGC-1a expression, or inflammation, caused by NF-kB activation, have yet to be determined in HD models. Clinically, HD patients treated with lithium or VPA exhibit improved psychiatric outcomes including reduced irritability, anxiety, depression, and suicidal ideation. It has yet to be validated whether lithium or VPA can reduce chorea in HD patients. Pointed arrows indicate increases or decreases in the respective effects due to lithium- or VPA-induced actions on each physiological process. Arrows with blocked ends indicate lithium- or VPA- mediated prevention of a pathophysiological event. Question marks (?) indicate known effects of lithium or VPA, which have yet to be verified in HD models and patients.](ijbsv10p1024g002){#F2}

###### 

Frequently used Huntington\'s disease transgenic mouse models.

  Mouse Strain   Model Design                           CAG Repeat \#   Promoter        Appearance of Disease Phenotype
  -------------- -------------------------------------- --------------- --------------- ---------------------------------
  R6/1           Truncated N-terminal fragment models   116             Human HTT       6 weeks
  R6/2           144                                    Human HTT       3 weeks         
  N171-82Q       82                                     Mouse Prp       After 8 weeks   
  YAC128         Full-length HD transgenic models       128             Human HTT       52 weeks
  BACHD          97                                     Human HTT       52 weeks        

###### 

Clinical trials with lithium and VPA in Huntington\'s disease patients.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug Treatment          Duration             Dosage/Interval                                     Subjects\   Major Findings                                                                                             Treatment Beneficial?   Reference
                                                                                                   (n)                                                                                                                                            
  ----------------------- -------------------- --------------------------------------------------- ----------- ---------------------------------------------------------------------------------------------------------- ----------------------- -----------
  Lithium + Baclofen      4 weeks              N.A.\*; 15-90 mg Baclofen                           3           Baclofen, a GABA derivative, worsened motor function, while lithium \"further improved\" patients          Yes                     [@B150]

  Lithium                 1.5 weeks +          24.3 mEq/day                                        6           Lithium reduced hyperkinetic movements, improved voluntary movements, and stabilized irritable mood        Yes                     [@B151]

  Lithium + Haloperidol   ?                    300 mg lithium; 2 mg haloperidol, both 3x per day   1           Patient\'s motor function improved significantly when lithium was added to haloperidol treatment           Yes                     [@B153]

  Lithium                 6.5 weeks            N.A.\*                                              4           Lithium stabilized mood in 3 out of 4 cases                                                                Yes                     [@B154]

  Lithium                 ?                    N.A.\*                                              2           Lithium plus unspecified neuroleptics improved mood and hyperkineses, clinicians were blind to treatment   Yes                     [@B155]

  Lithium                 7 weeks              N.A.\*                                              9           In a double-blind trial, lithium did not improve mood or motor function                                    No                      [@B156]

  Lithium + Haloperidol   3 weeks              N.A.\*                                              6           In a double-blind trial, lithium plus haloperidol stabilized mood but did not affect motor function        Yes                     [@B157]

  Lithium                 6 weeks              N.A.\*                                              6           In a placebo-controlled trial, lithium did not improve motor function, but authors did not assess mood     No                      [@B158]

  Lithium                 3-5 years            150-300 mg/day                                      3           Lithium significantly improved mood and stabilized chorea progression in all patients                      Yes                     [@B161]

  Lithium                 40 weeks - 2 years   150-300 mg, 2x per day                              5           Lithium reduced suicidal ideation and improved depression in all patients                                  Yes                     [@B162]

  VPA                     4 weeks              200-600 mg, 3x per day                              3           VPA did not affect involuntary movements                                                                   No                      [@B159]

  VPA                     ?                    600-1200 mg/day                                     5           VPA did not improve choreiform movements; no mention of mood changes or improvement                        No                      [@B166]

  VPA                     13-26 weeks          500-2400 mg/day                                     14          VPA was ineffective at improving chorea; authors did not discuss mood stabilization                        No                      [@B167]

  VPA                     12 weeks             600-900 mg, 3x per day                              1           Development of a state of tolerance for VPA                                                                No                      [@B168]

  VPA                     9 weeks              800-2000 mg, 4x per day                             6           VPA normalized sleep and reduced awakenings, but did not observe change in motor function                  Yes                     [@B160]

  VPA + Olanzapine        8 weeks              125-500 mg, 2x per day; 5-10 mg/day                 2           VPA and olanzapine improved motor function and stabilized mood                                             Yes                     [@B164]

  VPA                     ?                    900-1200 mg/day                                     8           VPA enhanced mood stabilization and improved basic motor coordination tasks                                Yes                     [@B165]
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

N.A.\* = Lithium within or below therapeutic blood serum concentration; specific dose not available.
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